General anaesthesia is associated with changes in connectivity between different regions of the brain, the assessment of which has the potential to provide a novel marker of anaesthetic effect. We propose an index that quantifies the strength and direction of information flow in electroencephalographic signals collected across the scalp, assess its performance in discriminating 'wakefulness' from 'anaesthesia', and compare it with estimated bispectral index and the auditory middle latency response. We used a stepwise slow induction of anaesthesia in 10 patients to assess graded changes in electroencephalographic directional connectivity at propofol effect-site concentrations of 2 lg.ml À1 , 3 lg.ml À1 and 4 lg.ml
Introduction
The neurobiological mechanisms by which anaesthetics induce loss of consciousness remain unclear [1] ; so, the ability to assess the level of consciousness during anaesthesia is limited. However, the sensitivity of electroencephalography (EEG) temporal and spectral features to anaesthetic-induced changes has prompted the commercial development of a series of EEG-derived 'depth of anaesthesia ' . Although the indices generated by these devices correlate well with the delivered anaesthetic concentration, they provide only limited insight into the cerebral mechanisms underlying anaesthetic action [2] .
The potential of brain connectivity to quantify the global organised behaviour of neural circuits and provide insight into the neural mechanisms underlying loss of consciousness [3] has prompted a series of investigations of anaesthetic modulation of brain connectivity. Disruption of long-range connectivity [4, 5] and changes in fronto-parietal coupling [6] have been reported as crucial mechanisms. A small number of recent studies have investigated EEG connectivity during anaesthesia, with promising results. These studies are characterised by a variety of experimental protocols and connectivity estimators, either linear Granger causality estimators [6] [7] [8] or non-linear approaches based on information theory or phase dynamics [9, 10] . However, it
is not clear how directional connectivity measures correlate with established depth of anaesthesia indices because, to our knowledge, a comparison of connectivity changes during anaesthesia with other indices has not been performed.
In this exploratory work, we assessed EEG directional connectivity using directed coherence (DC), a well-established multivariate method [11] that provides information about the strength, direction and spectral content of linear dependencies between EEG time series. The objectives of this work were to: Routine monitoring with 12-lead ECG and pulse oximetry was started on arrival in the anaesthetic room.
Under local anaesthesia, a 14G cannula was inserted into a forearm vein, and a 20G cannula into a radial artery for blood pressure measurement. Figure S1 ). After 10 min of recording at a propofol effectsite concentration of 4 lg.ml
À1
, fentanyl 1 lg.kg À1 and pancuronium 0.2 mg.kg À1 were given, the patient's trachea was intubated and mechanical ventilation commenced.
Five minutes later, the target effect-site concentration was reduced to 2 lg.ml À1 and EEG recording was continued until this was achieved. The patients were then prepared for surgery.
The EEG data were subsequently processed off-line, and underwent different pre-processing steps depending on the index computed. For middle latency response estimation, EEG data from channels Fz and Cz were used, referenced to the occipital electrode Oz [15] . Data were zero-phase notch (50 Hz) and band pass (15-250 Hz) filtered, then down-sampled from 4 to 1 kHz before extracting the middle latency response as previously reported [14, 15] . Previous work reports a significant reduction in middle latency response amplitude and/or an increase in the negative peak Nb latency during anaesthesia compared with wakefulness [14, 16] . We, therefore, To determine connectivity measures, the EEG time series were band pass filtered (1-45 Hz) and zero-phase notch filtered (50 Hz), then down-sampled to 250 Hz and digitally referenced with respect to the average of the T7 and T8 channels (linked mastoid electrodes) [19] . Only continuous and artefact-free epochs were analysed.
Directional connectivity was estimated from the multivariate model of multi-channel EEG time series using directed coherence as previously described [20, 21] performed on the significant long-range connections (> 10 cm inter-electrode distance). We also corrected for multiple comparisons using a false discovery rate approach.
In addition to the statistical threshold, we applied thresholds to retain only the 10%, 30% and 50% of strongest connections.
In order to quantify the dominant direction of information flow on the fronto-posterior axis, we defined an index (Dir P?A ) as the normalised differences in the number of long-range links in the a frequency band in both forward and rearward directions [21] . 
Results
The EEG signals at different propofol effect-site concentrations presented the characteristic changes associated with increasing anaesthetic effect [12] . In all the frequency bands (except d) there was a decrease in longrange connectivity and a reversal of the dominant direction of links during anaesthesia as compared with wakefulness (see also Supporting Information, Figure S3 ). In agreement with previous work [8, 24] we observed that directed coherence features in the a band were more sensitive to the level of anaesthesia, so focused on this range of frequencies ( n = 10 at all points for power; *for Nb latency, n = 9 awake, 8 at 2 lg.ml À1 , 7 at 3 lg.ml À1 and 6 at 4 lg.ml À1 . *p < 0.05; **p < 0.01. Figure 3 Changes in bispectral index subparameters and estimated bispectral index for increasing propofol effect-site concentrations: awake (white), 2 lg.ml À1 (light grey), 3 lg.ml À1 (dark grey), 4 lg.ml À1 (black). Each bar represents the mean and standard error (n = 10) of the specific feature. *p < 0.05; **p < 0.01. BSR, burst suppression ratio; BetaR, Beta Ratio; SynchFS, SynchFastlow and the combination of them: eBIS, estimated bispectral index.
did not further improve performance (Table 1 , column 6). Table 2 shows how a linear support vector machine classifier is able to classify single subjects as either awake or anaesthetised based on different input parameters and
gives an indication of the potential of the DC index as a clinical monitor of anaesthesia. Directed coherence performance at individual level was quite robust across subjects, with very high specificity and sensitivity in most Figure 4 Changes in DC features (directed coherence strength, Dir P->A and their combination DC index), for increasing propofol effect-site concentrations: awake (white), 2 lg.ml À1 (light grey), 3 lg.ml À1 (dark grey), 4 lg.ml À1 (black). Each bar represents the mean and standard error (n = 10) of the specific feature. Dir P?A = relative direction of postero-anterior links. *p < 0.05; **p < 0.01. DC, direct coherence. Secondly, we compared directed coherence connectivity features with more established anaesthesia indices in their ability to discriminate wakefulness from anaesthesia.
In order not to interfere with the natural fading of consciousness during slow anaesthetic induction, we did not assess patients' responsiveness, as this might itself rouse the patients and disrupt the measurements. Rather, effectsite concentration was used to define the stages of anaesthesia, despite the potential limitations of pharmacokinetic models in predicting true effect-site Directed coherence has been applied in the study of different behavioural tasks [27] , showing remarkable agreement with anatomical and neuroimaging evidence [19] . that is essential for conscious experience [29] .
The observed switch in the direction of connectivity from wakefulness to anaesthesia is consistent with other studies investigating EEG directional connectivity during anaesthesia [6] [7] [8] . In contrast with our results, some studies have reported an impairment of fronto-posterior connectivity when consciousness is lost [9, 10] . These conflicting findings are likely to result from the use of different estimators of connectivity that may quantify diverse effects. Partial directed coherence has also been investigated during propofol anaesthesia [7] , with similar results to ours, although, in our previous study on sleep, we found that Partial directed coherence was less sensitive to changes in the level of consciousness than directed coherence [20] . reducing the risk of intra-operative awareness [33] , yet the performances of these devices is limited [34, 35] . Our findings suggest that directed coherence features may complement other depth of anaesthesia indexes, or multi-modal cardio-respiratory variables [36] , to improve consistency and performance.
Due to the design of the experimental protocol, the number of epochs available in wakefulness and anaesthesia was highly unbalanced (27 and 99, respectively). This may bias classifier performance towards a higher sensitivity to the detriment of specificity. In our study, the sensitivity obtained with the DC index was ideal (100%) in 9 out of 10 subjects, whereas in one subject the specificity was zero, because the number of observations in wakefulness was very low compared with anaesthesia (e.g. 
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